The mechanism of the enzymatic polymerization of amylopectin analogs with phosphorylase b and glycogen branching enzyme is very intriguing. Recently, size exclusion chromatography with multi-detection of enzymatically synthesized amylopectin analogs in combination with MALDI-ToF MS analysis of enzymatically debranched analogs was used to solve parts of the molecular mechanism of analog's enzymatic polymerization. In this work dynamic light scattering (DLS), AFM and cryo-TEM, respectively were used to determine structural characteristics of the same analogs. The results were compared with SEC analyses. The presented analyses in this work fully agreed with the recently made observations and confirmed the changes in the architecture of the synthesized polysaccharide due to the change of enzymatic polymerization mechanism. Furthermore, we showed that the synthetic amylopectin analogs are stable to retrogradation at 4°C if the main side chain length is no longer than 12 glucose units and that they have mostly fluid-like behavior in the form of 20% suspensions.
Introduction
The relation of synthesis-molecular architecture-properties of starch and its components is very important as starch is the most consumed carbohydrate in human nutrition. However, it is very demanding to unravel this relation as starch is difficult to characterize partly due to solubility issues, stability, degradation during size separation, the broadness of size distribution, shear scission, etc. [1, 2] . During the last decades several approaches have been used in order to establish this relation. For instance, progress of biotechnology made it possible to produce tailor-made starches in vivo and to study the resulting properties [3, 4] . Furthermore, separation of the components of starch and their character-istics has been investigated intensively in the past [5] [6] [7] [8] .
Another approach is to study synthetic tailor-made analogs of starch components and to establish a detailed insight into the molecular architectures and properties via this route. We recently synthesized well-defined amylopectin analogues (hyper-branched amylose) successfully via an in vitro tandem reaction using the enzymes phosphorylase b and Deinococcus geothermalis glycogen branching enzyme (Dg GBE) as catalysts and glucose-1-phosphate (G-1-P) as a substrate [9] . The linear section of the amylopectin analogs were formed by the phosphorylase-catalyzed propagation of G-1-P [10, 11] . Branches at the a-(1 ! 6) position were introduced by Dg GBE via relocation of short oligosaccharide chains from the a-(1 ! 4) position [12, 13] . A tunable degree of polymerization was obtained by variation of the ratio between the substrate and the primer maltoheptaose (G-7), i.e., by the increase of the substrate concentration [14] . Furthermore, different average degrees of branching were achieved by the change of reaction time [9] .
The biocatalytic synthesis of (branched) polysaccharides was proven to be highly successful [9, [14] [15] [16] . Such synthetic polysaccharides can be used in different fields; such as hyperbranched glycoconjugates for drug delivery purposes; or enzymatically synthesized glycogens as anti-tumor agents [15, 17] or as standards for new characterization protocols for branched polysaccharides [17] . The complete mechanism of the tandem enzymatic polymerization with phosphorylase and branching enzyme is not known yet; nevertheless, in our previous work, we unraveled parts of the mechanism by an in-depth characterization of synthetic amylopectin analogues using SEC with multi-detection in combination with the analysis of enzymatically debranched molecules using MALDI-ToF MS [16] .
In our previous work we established two groups of synthetic hyper-branched amylosesamples synthesized with different reaction time/DB; and samples synthesized with different monomer concentration/degree of polymerization. We could show that with an increase of reaction time/ DB some of the linear or slightly branched amylose chains serve mainly as oligosaccharide donors for the new branches and some mainly as their acceptors during the synthesis. Simplified said, the product consists of less hyper-branched amylose molecules than primer sequences at the beginning of the reaction. Other interesting observations in this group of molecules were the existence of a two size regions (two distinct hydrodynamic radii (R h )); a constant increase of the MW over time even after the consumption of the substrate stopped; long branches and a broad distribution of the branch lengths. Furthermore, regardless of the constant increase of the average DB, branching in the high R h area stops after a specific reaction time and in the low R h area branching continues.
Furthermore, we have shown that in the second group of moleculessynthesized with different monomer concentration/degree of polymerizationwith increasing monomer concentration some of the short oligosaccharides cleaved by Dg GBE can serve as primers instead of becoming branches during the synthesis. As a consequence, the product consists of more hyper-branched amylose molecules than primer sequences at the beginning of the reaction. In addition, a constant decrease of the MW regardless of the used amount of substrate and the appearance of much shorter side chains were observable. The existence of two size regions is present in this group as well. Additionally, regardless of the similar average DB, branching in the low R h area constantly decreases, whereas branching in the high R h area is constant until a critical concentration at which it starts increasing.
To shed more light on the relation of synthesis-molecular architecture-properties of starch we studied the physical properties of samples of the extreme ends from each of the two analyzed groups. The size of the molecules was assessed by dynamic light scattering (DLS), AFM and cryo-TEM measurements. The stability of the synthetic amylopectins at 4°C was followed by DSC over 30 days. Additionally dynamic rheological measurements are presented for the same chosen samples.
Materials and methods

Materials
All chemicals ((G-1-P) (G7000), Tris (252859), DTT (43819), adenosine monophosphate (AMP) (A2252), phosphorylase b (P6635), DMSO/34869, NaN 3 (S2002), NaNO 3 (S5506)) were purchased from Sigma-Aldrich except LiBr (Fisher Scientific/199871000) and used without further purification. Glycogen branching enzyme from Deinococcus geothermalis (Dg GBE) was kindly provided by R. J. Leemhuis and L. Dijkhuizen, whereas G-7 was synthesized as reported elsewhere [14] .
Well-defined branched polysaccharides
The selected synthetic branched polysaccharides were synthesized as reported in literature [9, 17] . G-1-P was dissolved in Tris buffer (100 mM, pH 6.7, 0.02% NaN 3 ) containing G-7 (0.7 mM) as primer, DTT (1.3 mM) as reducing agent, and AMP (3.5 mM) as phosphorylase b activator, and the pH was adjusted to 7. The polymerization was catalyzed by addition of rabbit-muscle phosphorylase b (1.5 U/mL) and the branching was initiated by Dg GBE (250 U/mL) at 37°C. The reaction time was 6 or 72 h, respectively, to obtain the average DB 7 and 10-12. The concentration of G-1-P was 35-420 mM to obtain different number-average degrees of polymerization. Termination was done by a 5 min heat-treatment in a water bath. The samples were dialyzed to remove an excess of monomer, primer, and reducing agent. Subsequently, the samples were freeze-dried. Estimation of the average degree of polymerization was performed by UV-spectrometry (indirectly via quantitative determination of the liberated inorganic phosphate during the synthesis) [9] , while the average DB was determined by 1 H NMR as explained in literature [14] . The polysaccharides used in this study are labeled 3.4 (reaction time 6 h, ratio between monomer and the primer 300, average DB 7), 6.4 (reaction time 72 h, ratio between monomer and the primer 300, average DB 12), 6.2 (reaction time 72 h, ratio between monomer and the primer 100, average DB 12), and 6.7 (reaction time 72 h, ratio between monomer and the primer 600, average DB 10).
SEC with multi-detection analysis and MALDI-ToF MS of debranched samples were performed as specified elsewhere [17] .
SEC and MALDI-ToF MS
The SEC system set-up (Agilent Technologies 1260 Infinity) from PSS (Mainz, Germany) consisted of an isocratic pump, auto sampler without temperature regulation, an online degasser, an inline 0.1 mm filter, an RI detector (G1362A 1260 RID Agilent Technologies), viscometer (ETA-2010 PSS, Mainz), and MALLS (SLD 7000 PSS, Mainz). WinGPC Unity software (PSS, Mainz) was used for data processing. The samples were injected with a flow rate of 0.5 mL/min into a Suprema pre-column and three Suprema SEC columns 100, 3000, and 3000 which were also purchased from PSS. The columns and the detectors were held at 50°C. A standard pullulan kit (PSS, Mainz, Germany) with MWs from 342 to 805 000 Da was used to generate a universal calibration (UC) curve, in order to determine the hydrodynamic volume from the elution volume. The branched samples were dissolved directly in previously prepared water or 50 mM NaNO 3 with the addition of 0.02% NaN 3 in both cases in order to minimize bacterial activity, at concentration of 2 g/L. The specific RI increment value, dn/dc for the well-defined branched polysaccharides, for the calculations, in this system was taken to be the same as pullulan 0.149 mL/g, since in literature values for amylopectin vary around this value [18, 19] . The samples were mixed overnight at room temperature by thermo shaker with 350 rph. All samples were filtered through 0.45 mm filters after shaking. Standards were dissolved in the same eluent at room temperature in a concentration of 2 g/L.
MALDI-ToF measurements were performed on a Voyager-DE PRO spectrometer in positive ion mode. 2,5-dihydroxybenzoic acid (DHB) was used as a matrix. The matrix solution was made by dissolving DHB (0.2 M) in a 1:1 v/v water/ACN solution. Sample solution was prepared by dissolving the debranched sample in water R.O. (6 g/L). Sample and matrix were mixed in the ratio 2:1 or 1:1 v/v. 0.75 mL of the mixture was pipetted on the target and left for some time to dry.
DLS
DLS measurements were carried out at room temperature on a ALV CGS-3 goniometer set-up equipped with a JDSU laser model 1218-2 (wavelength l 0 ¼ 632.8 nm) and an ALV LSE-5005 multiple t digital correlator. All measurements were performed in triplo and repeated on different days to check the repeatability of the procedure. DLS measurements were performed at suitable dilutions at angles between 30°a nd 150°with 20°interval. The RI of the solvent (water) is n 0 ¼ 1.332: CONTIN algorithm was used to calculate the decay rates of the distribution functions. R h was calculated from the diffusion coefficient, which was extrapolated to zero angle. In order to avoid dust, all samples were dissolved in filtered solvent (PTFE 0.2 mm filters Sartorius Stedim Biotech GmbH, Germany) and additionally filtered prior to analysis through PTFE 0.45 mm filters Sartorius Stedim Biotech GmbH, Germany.
AFM of well-defined branched polysaccharides
The sample was dissolved in filtered water, with a final concentration of 0.01 mg/mL; and deposited onto a mica substrate. Subsequently, the substrate with the sample was dried in air for 15 min at 60°C. AFM images were recorded with a Multimode 8, controller V instrument operating in tapping mode with a SNL-10, A microcantilevers. During the measurements, the integral gain was 1.5 V, proportional gain was 5 V, and the scan rate was 1 Hz.
Cryo-TEM of well-defined branched polysaccharides
Aqueous sample solutions were used with a concentration of 10 g/L for the cryo-TEM. Microscopy was carried out after rapid freezing of the samples in liquid ethane (Vitrobot, FEI, Endhoven, The Netherlands) and performed on a Philips CM12 transmission electron microscope operating at an accelerating voltage of 120 kV. Images are recorded on a Gatan slow-scan CCD camera under low-dose conditions.
DSC measurements of well-defined branched polysaccharides
The DSC measurements were carried out on a Perkin Elmer Pyris 1 DSC instrument. The retrogradation of well-defined branched polysaccharides was monitored at 70% water content. Samples were measured in previously weighed Stainless steel large volume pans (Perkin Elmer). After the addition of R. O. water the pans were sealed and reweighed. The sample pans were heated in an oven at 120°C for 15 min. Cooled samples were stored for 1, 7, and 30 days at 4°C prior to DSC analysis. The samples were heated from 0 to 120°C at a heating rate of 10°C/min using an empty sample pan as a reference. Each measurement was done in duplicate.
Rheological measurements
The rheological properties of 20% suspensions from branched polysaccharide were determined with a Physica MCR 300 rheometer using a parallel plate geometry (diameter: 50 mm, gap width 1 mm) at 20°C. As to the dynamic rheologycal measurements, gel characterization, and linear viscoelastic region were determined by means of a strain sweep (0.1-100% strain at 1 rad/s). Subsequently, a frequency sweep (0.1-100 rad/s) was applied at 1% strain, which was well within the linear region. Shear rate measurements were performed with the rate sweep program at a shear rate range of 0.1-100 s À1 .
Results and discussion
DLS measurements
In our previous work [17] we studied the dependence of the R h on the reaction parameters with SEC with multiple detection. To perform a more in-depth study we decided to additionally use DLS for the determination of R h . The analyzed samples possessed a very low intrinsic viscosity (around 7 mL/g) which was independent of the MW. This is in agreement with research performed by Kajiura et al. [16] . The low intrinsic viscosity suggests that the molecules behave according to hard spheres, as expected for glycogen-type molecules [20] . Only the sample with the longest side chains (6.2) had a slightly higher intrinsic viscosity compared to the others due to higher CL [16] .
Due to the low and MW independent intrinsic viscosity the calculation of R h from the SEC data with multi-detection could be deceptive [17] . Therefore, the calculation of R h from DLS data via the Stokes-Einstein equation is much more reliable (R h being dependent on the translational diffusion coefficient) [21] . Therefore, the results acquired with DLS measurements were used for comparison and conformation of the estimations made previously with SEC -UC.
The R h s of the tested samples are shown in Table 1 . The agreement of the R h values measured with different techniques is quite good. For example if we compare the results for the sample 6.4 we can see a perfect agreement between DLS and SEC, both showing an R h of 27 nm. We should however bear in mind when comparing the results from those two techniques that one value results from a batch analysis (DLS) and the other one from column separation. Higher values from DLS measurements can be explained by the fact that bigger particles scatter more strongly and give a higher impact to the statistical value [22] . Additionally, as suggested by the SEC measurements previously performed (UC), DLS showed that with an increase of the reaction time/ DB the size of the polysaccharides increases and with an increase of the monomer concentration the size of the polysaccharides decreases.
Microscopy measurements
AFM images of the synthetic polysaccharide molecules are shown in Fig. 1 . The molecules being small in height (few nm) suggests that due to water evaporation the molecules were oriented flat on the substrate [16] . AFM analysis suggests the existence of two major particle size regions and in consistence with all other techniques used so far an increase of the size of the particles with the increase of the reaction time/DB. In addition, it becomes observable that with the increase of the monomer concentration the size of the polysaccharides decreases and particles become less uniform. Figure 2 shows the cryo-TEM images of the synthetic polysaccharide molecules. In accordance with the AFM analysis, TEM suggests two particle size regions (low and high R h ). The radius measured with TEM is in agreement with the R h measured by DLS or SEC with UC curve. As already suggested by SEC analysis [17] , and the DLS measurements it is obvious that with an increase of the reaction time the radius in the high R h region increases and with an increase of the monomer concentration the radius in the high R h region decreases. Sample 6.2 is the only analyzed sample that formed rosette-like structures, already noticed in natural glycogens, but not in synthetic analogues [16] . It is known that b-particles of glycogen (20-40 nm diameter) can form larger a-particles by association (60-200 nm diameter) with rosette-like structure [23] . It is important to mention that the above mentioned sample had the highest MW, the longest side chains and the most broad distribution of side chains from all the samples investigated in this work. The formation of rosette-like particles could be due to the combination of those characteristics. Mostly the long side branches make the formation of a-particles possible, since b-particles are linked via a-(1 ! 4) glycosidic linkages into a-particles [24] .
Retrogradation at 4°C followed by DSC
It is known for natural amylopectins that the process of retrogradation can take place in a few hours but also to over a couple of days depending on structure, concentration and temperature. When the retrogradation occurs, natural amylopectin gels reveal an endothermic peak in the region of 40-65°C [5] . External chains of amylopectin so called A chains are responsible for the formation of crystalline lamellas and reorganization of amylopectin during retrogradation [25] . The minimum chain length necessary for crystallization is supposed to be 10, but in the presence of longer chains short oligosaccharides can co-crystallize [26] . The rate of retrogradation is dependent on the external chain lengths, being accelerated by longer chains and slowed down by the presence of short chains [27] [28] [29] . The majority of the analyzed well-defined branched polysaccharides stored at 4°C with excess water showed no presence of an endothermic peak in the monitored temperature area regardless of the storage time. This indicates that no or negligible retrogradation occurs even after 30 days.
The sample 6.2 (lowest monomer concentration-longest reaction time used for the synthesis) was the only exception in this series. The endothermic peak observable in DSC was slightly broader than in the case of natural amylopectin gels (spanning 40-90°C) (Fig. 3 ). The broadness of the peak, when compared to literature, could be due to the different sample amounts or measuring conditions used for the experiments. The stability towards retrogradation can be explained by the absence of amylose in the analyzed suspensions as it is known that starch suspensions in water that do not contain amylose show a lower tendency to retrogradation [30] . Additionally, retrogradation is dependent on the chain lengths of the branches. The only sample that did retrogradate had the main side chain length (the most dominant chain length in the distribution) of 12 glucose units and a very broad distribution of side chains as analyzed by MALDI-ToF MS after debranching with isoamylase [17] . It is interesting that the sample 6.4 (middle monomer concentrationlongest reaction time used for the synthesis) which had two main side chain lengths (two dominant chain lengths) of 9 and 12 glucose units and broad distribution of side chains [17] , still showed no retrogradation. This indicates that even though the two samples (6.2 and 6.4) have similar CLs they have different external chains, different outer architecture. This interesting observation is an additional support of the proposed mechanism for the enzymatic polymerization previously reported [17] . Due to retrogradation, sample 6.2 had a different appearance when taken out of the cold; it was a gel-crystal-like white substance, while all other samples had the same liquid opaque appearance as the suspension made at room temperature. Figure 4 shows the storage moduli G 0 , and the loss moduli G 00 , of all tested samples at 20% aqueous polymer concentration from the strain sweep analysis. Comparing all the samples at a given concentration, it became obvious that the only sample that possesses gel-like characteristics at this concentration is the sample 6.2 where G 0 >G 00 . The frequency sweep measurement supported the strain sweep analysis. The obtained results are a clear indication that the hydrogen bonding between the big molecules is very weak and that no association occurs. This behavior is known in modified starches in which the presence of hydroxyethyl groups disrupts the hydrogen bonding and result in fluid-like behavior [31, 32] . The weakness of hydrogen bonding cannot be explained in our case by the presence of chemical groups, but with the architecture of the polysaccharides. The longer the external chains of the molecule are, the stronger the hydrogen bonding is between the molecules. During the rheological shear rate measurements we determined the viscosity of all the analyzed samples as well. The Newtonian zone was attainable for the 20% concentrations for all the samples, which can be clearly seen in Fig. 5 . The viscosities were extremely low, especially when compared to other polysaccharide solutions with that concentration [32, 33] . 
Rheological study of 20% suspensions in water
Conclusions
SEC analysis prior to the experiments in this work suggested the existence of two different particles concerning size; region with high R h and region with low R h . With an increase of the reaction time/DB, we noticed an increase of the concentration in the high R h region; constant increase of the average MW and a slight increase of the R h . A combination of the presented techniques confirmed this behavior. By SEC measurements we noticed with an increase of the monomer concentration/degree of polymerization the increase of the concentration in both regions until the critical monomer concentration. When the critical monomer concentration is reached, the concentration in high R h region starts to decrease. Unexpectedly, the MW and the R h constantly decrease. The presented analyses in this work fully agree with the observations previously made by SEC.
In this work we also showed that the synthetic amylopectin is stable to retrogradation at 4°C if the main side chain length is no longer than 12 glucose units and the polydispersity of the side chains is narrow. On the other hand we confirmed the changes in the architecture of the synthesized polysaccharide previously reported [17] , due to the change of enzymatic polymerization mechanism. Fluidlike behavior of polysaccharides at the analyzed concentrations, indicate the low strength of hydrogen bonding between the chains and the absence of strong aggregation, possible due to the short chains in total or the short external chains of the molecules.
In this paper we showed interesting properties of the synthetic amylopectin, the effect of the synthesis conditions and the structure of the samples on the properties. The agreement of the particle size with different techniques such as DLS, SEC (UC), or cryo-TEM is very good. The stability towards retrogradation and low viscosity can be very interesting properties for the future application. Moreover these analysis support our previous research and suggestions made in it concerning the mechanism of the enzymatic polymerization of amylopectin analogs with phosphorylase b and Dg GBE. 
